Introduction
Asthma is a common pediatric disease characterized by airflow obstruction, bronchial hyperresponsiveness, and airway inflammation. It is well appreciated that patients' perception of airflow obstruction is highly variable and that medical history and physical examination are not reliable means of characterizing the extent of lung impairment or of excluding other medical conditions. 1 Thus, objective assessments of pulmonary function are necessary. Spirometry, particularly forced expiratory volume in one second (FEV 1 ), is considered the gold standard for the evaluation of airway obstruction, and the presence of reversible obstruction on spirometry following short-acting bronchodilator administration may be used to assist in the diagnosis of asthma. 1 standard clinically used dose of albuterol (ie, 180 mg, two puffs). 2 However, in 2005, a joint task force of the American Thoracic Society (ATS) and the European Respiratory Society (ERS) recommended that 360 mg (four puffs) of albuterol be used in these assessments. 3 The rationale for this increase was not fully explained. Nevertheless, in response to the new guidelines, our pulmonary center began using 360 mg (four puffs) of albuterol rather than 180 mg (two puffs) of albuterol to determine reversibility on spirometry. This change in practice raised the question of whether pulmonary physicians would identify more patients with a significant bronchodilator response following four puffs of albuterol than two puffs. Based on the ATS/ERS recommendations and published dose-response curves to albuterol, 4 we hypothesized that fewer patients would respond to two puffs of albuterol than four puffs and, thus, that two puffs were inferior to four puffs of albuterol during spirometric testing.
Methods
This retrospective pre-/post-study design was conducted at Connecticut Children's Medical Center and involved new patients diagnosed with asthma seen at the Pediatric Pulmonary Clinic at Connecticut Children's Medical Center from March 2002 to April 2014. Patient's records were obtained as a convenience sample. Potential associated factors and outcomes of children receiving four puffs of albuterol for bronchodilator testing (cases) were compared with children receiving two puffs of albuterol (controls). This study was approved by Connecticut Children's Medical Center's Institutional Review Board, and informed consent was waived due to its retrospective nature. Patient data confidentiality was maintained by assigning an anonymous study identifier to each patient. There was no identifying patient information stored with the data.
Newly referred patients with asthma whose pre-and postalbuterol spirometry were reproducible based on ATS/ ERS criteria and met ATS/ERS guidelines criteria for spirometry 3 were included in the study. Patients completed multiple spirometry attempts if needed (up to a maximum of eight trials). Patients who had an initial visit prior to November 2009 received two puffs of albuterol with spacer, and patients who had an initial visit in November 2009 or later received four puffs of albuterol with spacer. Patients were excluded if they had cystic fibrosis, bronchopulmonary dysplasia, congenital heart disease, abnormal airway clearance, and restrictive lung disease or did not meet the inclusion criteria for acceptable spirometry. Patients were divided into two groups based on whether they had received two puffs of albuterol or four puffs of albuterol during spirometry. Additional data collected 1 , review of 63 records in each group would allow us to detect an increase in FEV 1 of 5% predicted with four puffs of albuterol vs two puffs, with power 0.9 and alpha 0.05. We reviewed approximately twice this many records in case the estimates were too conservative and in order to allow for subgroup analyses. Secondary endpoints included differences in FEF 25-75% changes and proportions of identified bronchodilator responders in each group. When no differences were found in responses to two or four puffs of albuterol, we performed additional noninferiority testing of two puffs relative to four puffs, with regard to changes in FEV 1 . We chose a noninferiority margin of 6% predicted FEV 1 change, half of what most authorities define as a meaningful bronchodilator response (ie, 12-15% increase) 5 and well within measurement variability (ie, increments <8%).
5

Results
Data were collected from 240 patients: 115 patients received two puffs of albuterol and 125 patients received four puffs of albuterol. There were no significant adverse effects reported in either group, and also minor side effects were not recorded. Baseline characteristics are summarized in Table 1 . The age of patients ranged from 5 to 17 years. The majority of patients were Caucasian, and there were more males than females in the study. Ethnic group and gender were not significantly different between groups. Inhaled corticosteroid use was also similar in both groups. There was no significant difference between groups in the number of patients who were not diagnosed with asthma prior to the visit (patients who were not on bronchodilators or inhaled corticosteroids at the time of the visit). There was no significant difference in baseline lung function (FVC%, FEV 1 %, FEV 1 /FVC, and FEF 25-75% ) between the two groups ( Table 1) . As shown in Figure 1A , there were also no differences in the changes following two or four puffs of albuterol in percentage predicted values for FVC (4.3±0.8% vs 4.0±0.7%, respectively), FEV 1 (10.0±1.1% vs 10.5±1.1%, respectively), or FEF 25-75% (30.2±2.9% vs 33.5±2.9%, respectively). Given the concern that bronchodilator responsiveness could have been blunted by patients with baseline normal spirometry, subset analysis of patients with a baseline FEV 1 of ≤80% predicted was conducted. In this potentially more responsive subgroup, there were also no differences in the changes in any spirometry parameter following two or four puffs of albuterol ( Figure 1B) .
Similarly, there was no significant difference in the assessment of a positive bronchodilator response between the two groups, with a positive bronchodilator response in 53% (n=61) of patients receiving two puffs of albuterol and a positive response in 62% (n=77) of patients receiving four puffs of albuterol (OR 1.42; 95% CI 0.85-2.37; P=0.19; Table 2 ). There was also no significant difference in bronchodilator response between the two-puff and fourpuff groups in children with baseline FEV 1 values ≤80% predicted, with a positive bronchodilator response in 85% (n=22) of two-puff patients and a positive bronchodilator response in 75% (n=21) of four-puff patients. Additional subgroup analysis found no difference in bronchodilator responsiveness for two or four puffs of albuterol based on patient race or whether or not they were receiving inhaled 
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Mclaughlin et al corticosteroids at the time of spirometry testing ( In light of the similar results for two puffs and four puffs of albuterol, we went on to conduct noninferiority analysis for two puffs vs four puffs relative to our predetermined change in FEV 1 of 6% predicted. This range is defined by the shaded region in Figure 2 . As can be seen, the one-sided CI for the difference in FEV 1 responses between two and four puffs of albuterol lay within the 6% lower limit of acceptability for the entire group of patients -demonstrating noninferiority two puffs vs four puffs of albuterol in changing FEV 1 values. Noninferiority was also demonstrated for each of subgroup comparison, except for children with baseline FEV 1 values ≤80% predicted. While the FEV 1 response to two puffs of albuterol was not significantly less than that to four puffs of albuterol in this subgroup (ie, Figure 1B ), there were insufficient numbers of patients with low baseline FEV 1 values to establish noninferiority of the two-puff response.
Discussion
In this retrospective study, we found similar changes in FEV 1 (% predicted) and in overall bronchodilator responsiveness in patients receiving two puffs of albuterol and patients receiving four puffs of albuterol. Additional subgroup analysis showed no difference in FEV 1 changes or in bronchodilator responsiveness in children with baseline FEV 1 values ≤80%, children receiving or not receiving inhaled corticosteroids, or children of Caucasian or non-Caucasian ancestry. Interestingly, subgroup analysis of subjects aged ≤8 years revealed that more subjects in the four-puff group had a significant bronchodilator response than those in the two-puff group. In the absence of differences in FEV 1 changes between the two albuterol doses in this age group, the difference in bronchodilator response assessment was attributed to greater changes in FEF 25-75% values in young children following four puffs than two puffs of albuterol. This finding may indicate that four puffs of albuterol should be considered for the determination of bronchodilator response in young children. 
63
Mclaughlin et al
The current ATS guidelines recommend the use of four puffs of albuterol to ensure "that the response is high on the albuterol dose-response curve". 3 However, this recommended dose was based on expert opinion rather than empiric data and the guidelines are not specific to the pediatric population. In fact, the ATS guidelines for lung function test interpretation indicate that in the determination of bronchodilator response, there is no consensus about the drug, dose, or mode of administering a bronchodilator in the pulmonary function laboratory. 5 The current Global Initiative for Asthma guidelines suggest that a bronchodilator response should be determined following 200-400 mg of salbutamol. 6 Additionally, 160 mg of ipratropium bromide can be used to determine bronchodilator response and "other drugs can also be used". 3 Despite stating that "standardizing the bronchodilator dose administered is necessary in order to standardize the definition of a significant bronchodilator response", the ATS guidelines do not provide a preferred bronchodilator. 3 The lack of bronchodilator dose standardization for pediatric patients is reflected in many large, well-known pediatric asthma studies including the Childhood Asthma Management Plan study that all used two puffs of albuterol for the determination of bronchodilator response in pediatric patients. [7] [8] [9] Another major study used two puffs of albuterol (180 mg) or one vial of 0.083% nebulized albuterol (2,500 mg) to determine bronchodilator responsiveness. 10 It is estimated that 2,500 mg of albuterol via nebulizer provides an albuterol dose that is equivalent to 4-10 puffs of albuterol via metered dose inhaler (MDI) with spacer. 11, 12 It is possible that the ATS guidelines suggest a range of albuterol dosing rather than a standard dose because it is unclear what dose of bronchodilator is needed to ensure the accuracy of bronchodilator response.
Similarly, the ATS guidelines do not provide age-specific recommendations for bronchodilator dose to be used in the assessment of bronchodilator response. The ATS guidelines provide estimates of amount of bronchodilator dose delivered in adult patients with use of a metered-dose inhaler with spacer. 3 It is noted that "for children, pulmonary deposition is less than that in adults", but there are no estimates provided regarding deposition of bronchodilator in pediatric patients. 3, 14 If decreases in pulmonary deposition are less than the decrease in size of smaller patients, it is possible that young children could receive disproportionately higher pulmonary doses of albuterol than older children and adults. If so, the higher relative doses of albuterol could account for the greater bronchodilator responsiveness seen following four puffs of albuterol in our younger children. Perhaps, then, even higher doses of albuterol (eg, six to eight puffs) should be used in older children and adults to ensure maximum bronchodilator effectiveness.
Clearly, use of higher doses of albuterol would be associated with a greater incidence and severity of side effects. The ATS guidelines state that a lower dose of albuterol can be used if there are concerns about side effects such as tachycardia and tremors. 3 If two puffs of albuterol are equivalent to four puffs of albuterol in the determination of a bronchodilator response, then two puffs of albuterol could be used for the assessment of reversible airway obstruction and the two puffs of albuterol would likely result in decreased dose-related side effects. Administration of two puffs would also result in less time and cost expenditures than the administration of four puffs of albuterol in a busy clinic setting.
In addition to diagnostic purposes, bronchodilator responsiveness has important clinical implications that may impact a patient's treatment plan. Sharma et al 7 found that a consistent bronchodilator response over time was associated with poorer clinical outcomes including higher number of emergency room visits, higher number of hospital admissions, and more frequent need for prednisone bursts. This information may lead to a more aggressive asthma treatment plan for a patient with a positive bronchodilator response due to concern for a potential increased risk for a severe asthma exacerbation. While bronchodilator responsiveness may affect treatment choices, 15 it is important to note that our study compared two puffs vs four puffs of albuterol for the determination of bronchodilator response; it did not evaluate the use of two vs four puffs of albuterol for asthma treatment purposes.
There are a few limitations to this study. The retrospective nature of the study relied on information documented in the patient's chart at the time of the initial visit. We were unable to determine if minor side effects from albuterol were experienced by patients, as reactions such as tachycardia and tremor were not routinely documented in clinical visits and vital signs were not taken pre-and postalbuterol administration. Also, this was an observational study and causation cannot necessarily be implied from association. Additionally, the population in this study was predominately Caucasian and predominately male, which may make it difficult to apply these findings to pediatric patients with asthma in general. While all patients were coached in MDI and spacer technique by a respiratory therapist in the pulmonary function laboratory, we were also unable to determine how differences in patient performance of the technique could have affected responses. For example, if younger children were less effective users of MDI and spac-ers, diminished delivery of albuterol could have resulted in a subtherapeutic pulmonary dose following inhalation of two puffs of albuterol and thereby enhanced the relative response seen with four puffs. While it was not possible to control for longitudinal trends during the study period, the respiratory therapist staff was stable during the time period of this study. It is not possible to determine which patients in the two-puff group received albuterol with a chlorofluorocarbon (CFC) inhaler and which patients in the two-puff group received albuterol with a hydrofluoroalkane (HFA) inhaler. The propellant used in the inhaler CFC or HFA could theoretically alter the deposition of the albuterol in the airways. CFC inhalers were no longer sold in the USA after December 31, 2008, so all patients in the four-puff group received albuterol HFA. There are additional factors known to affect bronchodilator responsiveness such as allergy status, vitamin D status, and β-adrenergic haplotypes that could not be evaluated due to the retrospective nature of this study.
Currently, there is no consensus regarding drug, dose, or delivery method of bronchodilator in the determination of bronchodilator response in pediatric patients with asthma. Based on mean change in FEV 1 and overall assessment of bronchodilator responsiveness, administration of two puffs of albuterol for postbronchodilator spirometry testing in our population of pediatric asthmatic patients was not inferior to the administration of four puffs of albuterol. This finding suggests that a patient who has a bronchodilator response will have a response regardless of the dose of albuterol. Therefore, it may be possible to use lower doses of albuterol to identify positive bronchodilator response and potentially decrease the dose-dependent side effects of albuterol and the time spent administering albuterol in the clinic setting. Additional studies with larger populations that are more reflective of general asthma population are needed to determine if two puffs of albuterol are adequate to determine bronchodilator response.
